Hormones are substances that serve as chemical communication between cells. They are unique biological molecules that affect multiple organ systems and play a key role in maintaining homoeostasis. In this role, they are usually produced from a single organ and have defined target organs. However, hormones can affect non-target organs as well. As such, biochemical and hormonal abnormalities can be associated with anatomic changes in multiple target as well as non-target organs. Hormone-related changes may take the form of an organ parenchymal abnormality, benign neoplasm, or even malignancy. Given the multifocal action of hormones, the observed imaging findings may be remote from the site of production, and may actually be multi-organ in nature. Anatomic findings related to hormone level abnormalities and/or laboratory biomarker changes may be identified with imaging. The purpose of this image-rich review is to sensitize radiologists to imaging findings in the abdomen and pelvis that may occur in the context of hormone abnormalities, focusing primarily on sex hormones and their influence on these organs.
Introduction
Hormones are chemical substances that participate in communication between cells [1] . Hormonal abnormalities may occur in the setting of abnormal function of an endocrine gland, abnormal production or conversion by a neoplasm, or increased conversion of precursor molecules. Hormones are synthesized throughout the body and have different mechanisms of action in different tissues, and are uniquely biologically active, potentially acting on multiple organ systems simultaneously.
Hormone levels may be either abnormally increased or decreased. If imaging findings are present, this is usually in the context of increased hormone levels (overproduction or decreased breakdown). A hormone may have an effect on a tissue even if that structure is not a ''target organ'' of the hormone. Sex hormones are an important part of the human internal milieu and have multiple target and non-target sites upon which they act. For example, the target organs of estrogen are the breasts, uterus, ovaries, bone marrow, and brain, but circulating estrogens and metabolites additionally affect liver, skin, and other organs [2, 3] . As such, while elevated estrogen levels are intuitively expected to affect the reproductive tract, imaging findings may also be seen throughout the abdomen and pelvis, including in the liver and skeletal system. Certain imaging findings in the abdomen and pelvis may be the direct or indirect result of hormone abnormalities. This review, organized by organ system, addresses common sex hormone-related abnormalities that may be identified at imaging of the abdomen and pelvis. A summary of findings organized by organ system is presented in Table 1 .
Estrogen
Estrogen is the primary hormone involved in the development and function of the female reproductive system. Estrogen is mainly produced by the ovaries in pre-menopausal women and from fat in post-menopausal women [2] .
Cell lines within fat tissue, from mesenchymal stem cells to mature cell types, are a major site of activity of aromatase (estrogen synthetase), the enzyme responsible for converting circulating androgens to estrogens [4] . As visceral fat is relatively increased in obese patients, circulating estrogens are increased in these patients as well [4] .
Hepatobiliary
The liver is one of the most hormonally active organs in the abdomen, playing a crucial role in cholesterol metabolism. It is involved in both the production and the processing of estrogen. Hepatocytes function as a site of estrogen synthesis via aromatase (estrogen synthase), as well as serve to biotransform estradiols to various metabolites [2, 5] . In turn, estrogen and its metabolites act directly on hepatocytes, stimulating growth and influencing metabolism [2] . Hepatobiliary findings in the setting of excess estrogen range from steatosis to neoplasm to vascular thrombosis.
Focal nodular hyperplasia
Focal nodular hyperplasia (FNH) is the most common benign hepatic neoplasm, with the prevalence reported between 0.2% in an imaging series of over 45,000 patients and 3% in a necropsy series of 95 patients [6] [7] [8] . Marked female predominance, with female:male ratio reported to range from 2:1 to 26:1, supports the theory that estrogen exposure may play a role in its development, including exogenous exposure from oral contraceptive pills (OCPs) or hormone replacement therapy (HRT). Histologically, FNH is composed of hyperplastic proliferation of benign hepatocytes, ducts, and vessels, however, lacks normal portal triad architecture [6] . Most patients with FNH are asymptomatic and FNH are mostly incidentally detected. Symptoms of vague abdominal pain or discomfort may arise when an FNH is large ([ 5 cm) or subcapsular in location [9, 10] . In 70% of cases, FNH is a solitary lesion, with multiple lesions seen in remainder of the cases [10] . Rarely, FNH can rupture and present with hemoperitoneum, though hemorrhage is more common with other neoplasms, specifically hepatic adenomas [11] . Table 2 Budd-Chiari syndrome US: thrombus, altered flow in hepatic veins; enlarged caudate lobe; ascites; splenomegaly At ultrasound (US), FNH is a non-specific solid lesion with variable echogenicity, and may appear hyperechoic or hypoechoic relative to adjacent liver parenchyma, particularly as there is considerable patient-to-patient variability in background hepatic parenchymal echogenicity [12, 13] . A hypoechoic central stellate scar may be present. With color Doppler sonography, a spoke-wheel pattern may sometimes be present with vascularity radiating peripherally from the central nidus (Fig. 1) . Contrast-enhanced multiphase CT or MRI can be diagnostic for FNH. With CT, the classic imaging appearance of the lesion is arterial phase hyperenhancement with central stellate non-enhancement. This non-enhancing area corresponds to a central bundle/nidus of fibrous and vascular tissue, or ''central scar'' [14] . On delayed phase, the mass is isodense to the liver with delayed central scar hyperenhancement. On venous phase, FNH is usually isodense to the background liver, and often not visualized, earning the descriptor ''stealth'' tumor [15] . With multiphase MRI, the lesion appears hyperintense on T2-weighted images and iso-to hypointense on T1-weighted images (Fig. 2) . With contrast enhancement, there is similar arterial phase hyperenhancement without arterial phase enhancement of the central scar. FNH then becomes isointense to the background liver on the venous and equilibrium phase. The appearance of FNH on delayed phase MRI varies depending on the excretory patterns of the contrast agent used (Fig. 2) . Specifically, the central scar will demonstrate delayed enhancement with extracellular contrast, while the lesion parenchyma will become isointense to the liver [12] . With hepatobiliary contrast agents, the lesion will demonstrate hepatobiliary hyperintensity as the benign proliferation of hepatocytes constituting the lesion demonstrate uptake of the hepatobiliary contrast but excretion is altered due to disorganized biliary architecture within the lesion (Fig. 2) [12] . FNH is usually considered a benign lesion; however, it can continue to grow, particularly if the inciting cause is not altered. Specifically, enlargement has been reported with pregnancy and continued OCP use [11] . Malignant transformation to HCC is considered an extremely rare scenario, and to date, only 22 cases of pathologically proven malignant degeneration of FNHs have been reported [16] . For asymptomatic lesions less than 4 cm in size, imaging surveillance and conservative management is probably appropriate [9, 16] . A definitive imaging surveillance interval has not been reported in the literature but larger lesions can be followed at 6-month intervals [11] . When lesions grow or become symptomatic, in addition to removing aggravating factors, other treatment options such as surgical resection, radiofrequency ablation, and transarterial chemoembolization may be appropriate based on a center's expertise and preference [16] . However, there is lack of evidence-based literature to support the use of one strategy over the other and continued research is expected in this field [11] . Lesions have been reported to spontaneously regress, both in the clinical setting of cessation of hormone use as well as independent of changes in exogenous hormone exposure [17] . More investigation into the natural history of these lesions may reveal a stronger association of FNH regression with cessation of OCPs or HRT.
Hepatocellular adenoma
Hepatocellular adenomas are, as a group, the second most common benign hepatic neoplasm [6] . The major risk factor for development is exposure to steroid hormones, such as anabolic steroids and OCPs [5] . Women over 30 years of age with more than 5 years of OCP use have the highest risk levels [11] . Unlike FNH, adenomas are associated with abdominal pain, which has been posited to occur in the setting of intralesional hemorrhage and necrosis [13] . Patients may also have abnormal alkaline phosphatase (ALK-P) and/or gamma-glutamyl transferase (GGT) levels in the setting of very large lesions [18] . Adenomas are categorized into subtypes depending on the associated mutation and genotypic expression, and are summarized in Table 2 . Hepatocyte nuclear factor 1-alpha (HNF1a) subtype lesions, also described as steatotic, and inflammatory subtype lesions occur primarily in the presence of estrogen exposure, specifically oral contraceptives. Beta-catenin-activated subtype adenomas occur primarily in the setting of androgenic steroid exposure, typically exogenous; this is the most common subtype identified in men with hepatocellular adenomas [18] . While adenomas are benign lesions, the risk of intralesional or perilesional hemorrhage increases when an adenoma grows larger than 5 cm in size [9, 10] . Additionally, malignant transformation to hepatocellular carcinoma (HCC) has been reported with beta-catenin subtype lesions, particularly in men [18, 19] .
Adenoma appearance can vary at ultrasound, presenting as hyperechoic or hypoechoic lesions (Fig. 3) . CT demonstrates these lesions to be arterially hyperenhancing with occasional washout (Fig. 4) [13] . Imaging features of the different subtypes of hepatocellular adenoma can be best differentiated with MRI [13, 20, 21] . HNF1a-inactivated (steatotic) adenomas (35-50% adenomas) characteristically demonstrate intralesional fat, which is best appreciated as signal loss on opposed-phase gradient echo chemical shift sequences (Fig. 5) . No specific imaging signature has been ascribed to the beta-catenin-activated subtype (10-15% adenomas); these lesions may demonstrate any number of features, including varying degrees of enhancement at multiphase imaging, excretion of hepatobiliary contrast agents, and/or presence of a central fibrous scar. Recent studies have confirmed that this lesion can be virtually indistinguishable from FNH and can show hepatobiliary hyperintensity; so appropriate clinical context can sometimes aid in distinction [22, 23] . This hepatobiliary hyperintensity correlates with the organic anion transporting polypeptide (OATP) level in benign hepatocellular tumors and may be explained by activation of the Wnt bcatenin pathway [22] . With inflammatory subtype lesions (25-35% adenomas), an ''atoll'' sign with T2-weighted MRI sequences has been described, denoting hyperintense T2 signal about the periphery and centrally within the lesion. Rarely, inflammatory adenomas too can mimic FNH in imaging appearance, including hepatobiliary phase hyperintensity [23] . In these circumstances, conventional pathology may also be limited and true etiology of the mass is best ascertained with glutamine synthetase immunohistochemistry [24] . Unclassified adenomas (5-10% The mass is isoenhancing to the liver, suggestive of an adenoma, given the risk factors. Areas of non-enhancement (asterisk) are suspicious for hemorrhage. c Additional numerous hyperenhancing masses (arrows) were present, raising suspicion for adenomatosis. MR imaging was recommended for follow-up. Follow-up MR imaging was performed. d Coronal T2-weighted image demonstrates a heterogeneous exophytic mass (arrows). e T1-weighted image demonstrates intrinsic T1 hyperintensity (arrow) suggestive of hemorrhage. f Post-contrast T1-weighted image in the arterial phase shows heterogeneous hyperenhancement of the mass. g Post-contrast T1-weighted image in the hepatobiliary phase demonstrates persistent hyperintensity of the lesion, a finding that can be seen in the presence of a beta-catenin activating mutation. Arrow demonstrates biliary excretion of hepatobiliary contrast agent. At tissue sampling, pathology revealed inflammatory adenoma with beta-catenin activation Abdominal Radiology (2019) 44:1103-1119 1107 adenomas) do not have any specific genotypic, pathologic, nor imaging features [12, 20, 21] . Management of hepatocellular adenoma depends on subtype, size of lesion, and patient demographics. For women with lesion size less than 4-5 cm, who are taking OCPs or HRT, usual treatment includes cessation of hormones and annual imaging surveillance with contrast-enhanced CT or MRI [11] . With lesions [ 5 cm, one particular management strategy proposed is for OCPs to be stopped and MRI performed after 6 months [11] . If the lesion has decreased to \ 5 cm, definitive imaging signs to confirm that the lesion is a steatotic adenoma should be assessed. If steatotic adenoma is confirmed at imaging, management can potentially be less aggressive because the risk of malignant progression is very low. Follow-up should still be performed, initially every 6 months, and if the lesion shows no further alteration, follow-up can be stopped or repeated yearly until menopause [11] .
For pregnant women, given the increased levels of circulating reproductive hormones, closer sonographic surveillance (every 3 months) is warranted due to risk of lesion growth [18, 25] . For women with lesions greater than 4-5 cm in size, percutaneous ablation or surgical consultation is generally recommended due to increased risk of hemorrhage (intralesional or lesion rupture) with increased lesion size (Fig. 5) . Treatment of adenoma during pregnancy may be indicated if the lesion shows signs of growth or bleeding. Additional risk factors for hemorrhage include inflammatory subtype, lesion growth, and recent hormone use (within prior 6 months) [18] . First-line treatment of acute hemorrhage in a hemodynamically stable patient is transarterial embolization, while unstable patients may require immediate surgical intervention. For men, surgical excision is generally recommended rather than surveillance, given the elevated risk of malignant transformation in male patients. Molecular evidence points to the small but definitive risk of malignancy with the beta-catenin-activated and inflammatory adenoma subtypes, particularly when the size is[ 5 cm [11] . Hence, in this scenario, invasive surgical management is recommended [26] . While biopsy can be performed to confirm the diagnosis of beta-catenin mutated adenomas, surgical management remains the mainstay, especially with male sex, steroid use, glycogen storage disease, or underlying viral hepatitis [11] .
Budd-Chiari syndrome
Estrogen increases blood coagulability by increasing both fibrinogen levels as well as the activity of clotting factors VII and X, and decreasing the activity of coagulation inhibitor antithrombin III [27, 28] . In the liver, hyperestrogenemic procoagulant states such as pregnancy or OCP use may result in hepatic vein thrombosis and Budd-Chiari syndrome [27, 29, 30] . Up to 47% of reported Budd-Chiari syndrome cases were encountered in women presenting in pregnancy or postpartum [31] . Risk of venous thrombus is particularly elevated in women with additional prothrombotic conditions such as protein C or S deficiency or Factor V Leiden mutation [29] . Additional major risk factors for hepatic vein thrombosis include other risks for hypercoagulability, including malignancy, bone marrow transplant, and liver transplant [30] .
Budd-Chiari syndrome describes the constellation of clinical findings in the setting of hepatic venous outflow obstruction [32] . Obstruction may occur at any level within the hepatic venous system, from the venules to the suprahepatic inferior vena cava (IVC). The syndrome may be classified as one of three types depending on the level of obstruction: type I describes IVC occlusion with or without intralesional fat characteristic of a steatotic-type HNF1a-inactivated hepatic adenoma. b Recurrent intralesional hemorrhage is demonstrated by peripheral hypointense signal on in-phase and c T2-weighted sequences (arrows). Heterogeneous signal intensity within the lesion is suggestive of large amount of intralesional hemorrhage involvement of the hepatic veins. Type II describes BuddChiari when the predominant occlusion involves the major hepatic veins; the IVC may or may not be involved to a lesser extent. Type III describes veno-occlusive disease, with occlusion primarily involving small centrilobular veins [33] . Clinical presentation includes abdominal pain and features of hepatic congestion, including hepatomegaly, splenomegaly, and ascites. In chronic untreated cases, cirrhosis and portal hypertension may develop, with resultant complications including varices and variceal bleeding [33] .
Imaging manifestations of Budd-Chiari syndrome are varied and depend on the acuity of presentation and the type/level of obstruction. At ultrasound, the most common findings are caudate lobe enlargement, ascites, and splenomegaly [32, 33] . Abnormally diminished or absent hepatic venous flow may be seen with Doppler ultrasound interrogation. Due to disrupted communication between the hepatic veins and IVC and the right atrium, the respiratory variability of the hepatic venous waveforms is lost and the waveforms become more monophasic (Fig. 6) . In severe cases, reversal of flow in the hepatic veins and/or portal veins may also be seen [32] . Findings at contrast-enhanced CT are the same as at gray scale ultrasound, with the addition of heterogeneous attenuation of hepatic parenchyma, hypoenhancement of the involved thrombosed veins, and enhancement of prominent intrahepatic collateral vessels (Fig. 7) [33] . Chronic changes include calcification of thrombosed veins as well as development of regenerative nodules within the hepatic parenchyma. Although regenerative nodules enhance avidly at the arterial phase of post-contrast imaging, they retain contrast at the portal venous phase rather than washing out, enabling differentiation from HCC [34, 35] . Additionally, portal vein thrombosis may develop in the setting of severe venous outflow obstruction causing slow or stagnant flow in the portal system [33] .
MRI and MR angiography are useful in evaluation of the liver parenchyma and vessel patency. In the acute setting, the hepatic parenchyma appears heterogeneous on T2-weighted and T1-weighted sequences, with differential prominent enhancement of the caudate lobe as compared to the remainder of the liver. Lack of enhancement of the thrombosed hepatic veins may be seen on post-contrast sequences. Regenerative nodules typically appear hypointense to surrounding parenchyma on T2-weighted sequences and hyperintense on T1-weighted sequences, enabling differentiation from HCC [34, 35] . With conventional angiography, the classic appearance of ''spiderweb'' pattern of intrahepatic collateral vessels is seen following contrast administration within the inferior vena cava and/or hepatic veins (Fig. 7) . Filling defects within the IVC and hepatic veins compatible with thrombus can also be seen. Additionally, narrowing of the IVC may be appreciated secondary to compression by the enlarged caudate lobe [32] .
Treatment depends on the type/level of occlusion [36] . Patients with vessel thrombus are usually treated with anticoagulation. In high-risk pregnancies, low molecular weight heparins can be prescribed in the absence of contraindications. Type I occlusions are typically treated with IVC stenting, while types II and III may be treated with transjugular intrahepatic portosystemic shunt (TIPS) placement [33] . In the pregnant patient with Budd-Chiari syndrome, the prognosis is poor both for the mother and fetus even with treatment, with reports of spontaneous abortions, stillbirth, and preterm labor [29] .
Portal vein thrombosis
Portal venous thrombosis may also occur during pregnancy, even in the absence of Budd-Chiari syndrome. This is a rarer phenomenon than Budd-Chiari syndrome in pregnancy, and patients with local abdominal risk factors such as cirrhosis, intra-abdominal infections, or malignancies are at higher risk than pregnant women for this condition [27] . Clinically, portal vein thrombosis may present with abdominal pain, nausea, vomiting, fever, and ascites, though some patients are asymptomatic. Presentation is considered acute if symptoms occur within 60 days of a confirmed diagnosis of portal vein thrombus [37] . Imaging findings at ultrasound are of heterogeneous thrombus within the portal vein, which is usually expanded in caliber. At color and spectral Doppler interrogation, flow may be absent, diminished, or reversed. Collateral vessels of cavernous transformation may begin to form within weeks of incident thrombosis. With CT, acute portal venous thrombus appears hyperdense on non-contrast examination, and the portal vein does not enhance as expected following contrast administration (Fig. 8) . Of note, mural enhancement of the vein reflecting inflammation and/or peripheral intraluminal enhancement about non-occlusive thrombus may be noted [37] . On MRI, acute portal vein thrombus may appear heterogeneous and hyperintense on both T1-weighted and T2-weighted sequences, particularly in the acute setting [37] .
Reproductive
Both benign and malignant processes may be identified within the reproductive organs, specifically, the uterus and ovaries, in response to changes in estrogen. Additionally, tamoxifen, a selective estrogen-receptor modulator (SERM) used in the treatment of hormone receptor-positive breast cancer, also has a stimulating effect specifically on the endometrium akin to endogenous estrogen, which can also lead to specific imaging findings [2, 38] .
Endometrium
As a target organ of estrogen, the endometrium is exquisitely sensitive to increased exposure. Unopposed activation of estrogen receptors, which may be caused by elevated estrogen in the setting of obesity, anovulation, estrogen-secreting tumors, hormone replacement therapy, or the SERM tamoxifen, is the most common cause of endometrial hyperplasia and carcinoma [38, 39] . Pathologic changes of the endometrium span a spectrum from hyperplasia, to hyperplasia with atypia, to carcinoma. The most common presenting symptom of endometrial hyperplasia and carcinoma is abnormal vaginal bleeding, either in post-menopausal women or irregular cycles and spotting in pre-menopausal women. Abnormal vaginal bleeding is one of the most common reasons for gynecologic referral to radiologic evaluation [38, 40] .
Endometrial hyperplasia and carcinoma
Ultrasound is usually the appropriate initial imaging modality for evaluation of suspected gynecologic pathology. MR imaging is a useful adjunct for additional characterization, diagnostic confirmation, and staging disease, as appropriate [39, 41] . In pre-menopausal women, the endometrium increases in thickness physiologically during [39] . Normal endometrial thickness for post-menopausal women without bleeding has not been as definitively established, and has been described as thick as 11 mm [39] .
Endometrium is best evaluated at ultrasound utilizing an endovaginal approach. The endometrium should be visualized in its entirety to ensure the thickest area is measured and reported [38, 39] . Hyperplastic endometrium may undergo cystic changes with irregular margins with or without increased vascularity. These cystic changes are frequently seen in the setting of tamoxifen exposure (Fig. 9) . Unlike other SERMs, tamoxifen exerts a stimulatory pro-estrogenic effect on the endometrium [42] . It is important to evaluate the endometrium carefully for invasive components if any of these findings are present. With MRI, the endometrium is T1 isointense to hypointense, T2 hyperintense, and should enhance homogeneously upon contrast administration. Cystic changes are best appreciated as non-enhancing regions on post-contrast sequences (Fig. 9) [41] . The CT appearance of endometrial hyperplasia is non-specific, as the endometrium is difficult to differentiate and/or measure separately from the adjacent myometrium. Regardless of imaging modality, differentiation between endometrial hyperplasia and endometrial cancer based on imaging alone is impossible and tissue sampling must be pursued when abnormal endometrium is seen on imaging.
Endometrial carcinoma is the most common gynecologic malignancy in industrialized nations, and is the cancer most closely linked to obesity in women [4] . Extraovarian estrogen production via adipose tissue is thought to be responsible for the hyperestrogenemic state in obese patients. There are two histologic subtypes of endometrial carcinoma. Most commonly encountered is the type 1 (endometrioid) cancer, accounting for up to 90% endometrial carcinoma, which is more closely associated with obesity [4] . Type 2 includes the more aggressive serous papillary and clear cell adenocarcinoma subtypes, which are phenotypically closer to ovarian neoplasms and have a higher incidence of lymph node and distant metastases at diagnosis. These subtypes are indistinguishable at imaging. Treatment includes surgery, chemotherapy, and/or radiation depending on stage of disease [41] . At ultrasound, endometrial carcinoma appears as heterogeneous endometrial thickening or a focal polypoid mass (Fig. 10) . Doppler imaging may demonstrate hypervascularity. A feeding vessel (vascular stalk) may be present in polypoid lesions; however, polyps can be either benign or malignant, and the presence of vascularity should not be interpreted as evidence for malignancy, nor should the absence of vascularity be interpreted as confirmation of benignity [38, 39] . At CT, heterogeneous endometrial thickening and/or enhancement may be seen (Fig. 10) . MRI enables more detailed assessment of myometrial invasion [41, 43] . Usually, endometrial carcinoma is T1 isointense, T2 hypointense relative to the normal T2 hyperintense endometrium, and on post-contrast images demonstrate hypoenhancement relative to enhancing endometrium and myometrium. Diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC) maps may be useful in identifying unanticipated metastases, including any cervical or vaginal drop metastases or suspicious lymph nodes [41] .
Vagina/cervix
Clear cell adenocarcinoma (CCA) is a rare neoplasm of the cervix and vagina; the major risk factor for its development is in utero exposure to maternally ingested diethylstilbestrol (DES) [44] . This medication was prescribed with the [48] . With MRI, CCA appears as a polypoid or sessile vaginal or cervical mass with variable (hyperintense, intermediate, or hypointense) T2 signal, that often restricts diffusion (Fig. 11) [46] . CCA of the cervix or vagina is characteristically isointense to the vaginal wall on T1-weighted non-contrast images, with post-contrast enhancement usually seen [45] .
Ovaries

Polycystic ovarian syndrome
Polycystic ovarian syndrome (PCOS) is the most common endocrine abnormality of pre-menopausal women [47] . PCOS is characterized by increased circulating androgens secondary to abnormal function of the hypothalamic-pituitary-gonadal axis. The direct etiology of PCOS is unknown, but is thought to relate to insulin resistance. Due to the abnormal pituitary function, increased levels of luteinizing hormone (LH) are present. The increased ratio of luteinizing hormone to follicle-stimulating hormone causes the ovaries to preferentially produce androgens. The increased androgen presence is thought to disrupt ovulation by disrupting follicular maturation, causing ovarian dysfunction and anovulation/oligo-ovulation [47, 48] .
Diagnostic criteria for PCOS vary by expert group, but most diagnostic schema include some combinations of hyperandrogenism (clinical and/or biochemical), ovarian dysfunction, polycystic ovary morphology (PCOM), and other diagnoses excluded [47, 48] . At ultrasound or MRI, a polycystic ovary contains multiple similar-sized small cysts about the periphery of the ovary without a dominant follicle, due to the arrested follicular development in the setting of increased androgen exposure (Fig. 12) [47] . T2 hypointense central ovarian stroma with the ''string of pearls'' of peripheral cysts is the MRI imaging hallmark. CT is not as useful in assessment of the presence or number of ovarian follicles. With ultrasound, follicle number per ovary (FNPO) can be assessed and described. The threshold FNPO for diagnosis of PCOM has increased alongside improvements in ultrasound technology; while this number used to be 12, the number of follicles present to constitute polycystic morphology is now considered to be [ 26 using a [ 8 MHz transducer. [49] . The previously described criteria of ovarian volume of over 10 mL have not changed, though the volume measurement should not include corpora lutea, cysts, nor dominant follicles [50] . Of note, PCOM identified at ultrasound without relevant clinical history is not sufficient to confirm the diagnosis of PCOS, especially in adolescents [51] .
Theca lutein cysts
Theca lutein cysts describe multiple ovarian cysts and large follicles that arise in the setting of exposure to high levels of beta-human chorionic gonadotropin (HCG). The most common causes of high levels of beta-HCG include multiple gestations and gestational trophoblastic disease; however, rarer etiologies include secretion by neoplasms [52] .
Theca lutein cysts are usually evaluated with ultrasound as they most commonly occur in pregnant women. Sonographic appearance is that of multiple anechoic cysts and large follicles in an enlarged ovary (Fig. 13) . At MRI, theca lutein cysts will have variable T1 and T2 signal intensity due to varying degrees of intracystic hemorrhagic contents. Theca lutein cysts may resolve as a normal gestation progresses. Typically, patients are asymptomatic, though may report pelvic pain in the setting of cyst hemorrhage or rupture [52] . Gestational trophoblastic disease (GTD), a major risk factor for theca lutein cyst development, includes both molar pregnancy and gestational trophoblastic neoplasia. Theca lutein cysts are seen in up to 20% cases of complete hydatidiform molar pregnancy [53] . Hydatidiform molar pregnancies (both complete and partial) occur in approximately 1 in 1,500 pregnancies in the United States and up to 2 in 1,000 pregnancies in Southeast Asia [53] . This process arises from aberrant chromosomal duplication and trophoblastic proliferation resulting in abnormal growth of placental villi [53, 54] . Imaging of gestational trophoblastic disease usually occurs first with ultrasound, given that pregnancy is suspected. Ultrasound shows abnormally thickened endometrium with multiple cystic spaces (Fig. 14) . Fetal parts may be seen in the setting of partial mole. Imaging findings must be interpreted in context with HCG levels, as the diagnosis cannot be made with imaging alone, given that sonographic mimics of GTD include processes such as reactive decidual changes (including that of normal early pregnancy), hydropic endometrial degeneration, and retained products of conception.
The spectrum of gestational trophoblastic neoplasia (GTN) includes both invasive mole and choriocarcinoma, as well as rarer entities such as placental site trophoblastic tumor and epithelioid trophoblastic tumor [54] . GTN may occur following a molar pregnancy (25% of cases) but more commonly occurs following pregnancy ended at term (50% cases) or earlier (25% cases) [53, 54] . Choriocarcinoma occurs in 1 in 20,000-40,000 pregnancies, and metastases are present in up to 30% patients at time of diagnosis [54] . Imaging features of invasive mole and choriocarcinoma are similar, generally, of a non-specific heterogeneous uterine mass invading into or through the myometrium, and final diagnosis is made at histology (Fig. 14) . MRI is superior to US for evaluation of both extent of pelvic invasion and for assessment of lymphadenopathy [55] .
Rarely, non-gynecologic malignancies, including breast, lung, gastric, colon, and pancreaticobiliary tumors may also produce HCG, typically in more aggressive lesions [56] . Elevated levels of HCG have been reported in up to 23% cases of renal cell carcinoma [59] . Serum HCG levels in the setting of renal cell carcinoma are a prognostic factor independent of grade and stage and usually portend poor prognosis [57] . Chromophobe type renal cell carcinoma is the most common histologic variant associated with a high level of HCG [58] . Sarcomatoid renal cell carcinoma is a rare subtype which has been reported to arise associated with chromophobe cell carcinomas; this variant portends the worst prognosis of all renal cell carcinoma (Fig. 15 ) [57, 58] . Finally, given the similar subunit structure of HCG and thyroid stimulating hormone (TSH), theca lutein cysts have been reported to develop in rare cases of severe hypothyroidism [59] .
Ovarian hyperstimulation syndrome
Ovarian hyperstimulation syndrome (OHSS) describes the constellation of signs and symptoms of cystic enlargement of the ovaries and extravascular fluid shifts in the setting of exogenous administration of LH and/or beta-HCG for assisted reproductive technology (ART) [52] . Hyperstimulated ovaries produce vascular-endothelial growth factor (VEGF), which causes increased vascular permeability and is thought to be the etiology of the extravascular fluid shifts associated with OHSS. Patients with OHSS usually present with nausea/vomiting in the setting of ART. Complications include adnexal torsion of massively enlarged ovaries, ascites, pleural effusions, pulmonary edema, and hypercoagulability. Several classifications schemes exist to assign severity; these largely rely on clinical factors [52] .
Imaging findings at ultrasound include enlarged ovaries with multiple follicles and corpus luteal cysts, which may be anechoic or hemorrhagic, described with a ''spokewheel'' pattern on US as well as CT and MR (Fig. 16) [60] . Differentiation from torsion is important, as such, the location of follicles can be helpful. In the clinical scenario of torsion, follicles are usually peripheralized due to with prominent edematous stroma. c Axial T2-weighted MRI pelvis demonstrates multiple follicles/luteinized cysts in each ovary. d Coronal CT demonstrates the enlarged peripheral follicles appearing in a classic ''spoke-wheel'' pattern stromal edema. OHSS is usually not accompanied by stromal edema, and follicles are more uniformly distributed in these enlarged ovaries [52] . Large volume ascites and pleural effusions may be seen. Not all pelvic fluid in ART patients is ascites related to OHSS; however, in the appropriate clinical setting, the presence of pelvic free fluid may prompt suspicion or further evaluation for ruptured ectopic/heterotopic pregnancy.
Endometrioma
Endometriosis is characterized by the presence of ectopic endometrium outside the endometrial cavity, most commonly in the ovaries. Other common locations include the pelvic cul-de-sac, mesentery, and uterosacral ligaments [61] . Endometrioma describes this ectopic tissue implanted on the ovary, and is generally described as a cystic adnexal lesion containing variable amounts of blood products. The endometrium in these ectopic sites remains responsive to both endogenous estrogen as well as SERMs, and consequently a woman with continued hormone exposure may report continued symptoms related to the ectopic tissue [61] .
At ultrasound, an endometrioma may appear as a cyst with diffuse homogeneous low-level echoes (Fig. 17) . Differential considerations would include a hemorrhagic ovarian cyst if the lesion has not been seen at prior imaging. If present, punctate echogenic foci within the cyst wall help confirm the diagnosis of endometrioma. These are believed to be hemosiderotic nodules in the wall of these cysts [61] . At MRI, an endometrioma is intrinsically T1 hyperintense owing to the presence of blood products. At T2-weighted imaging, endometriomas demonstrated varying degrees of ''shading'' denoting layering hemorrhagic and/or proteinaceous products (Fig. 17) [62] . A ''T2 dark spot'' sign of a discrete hypointense focus adjacent to, but not within, the cyst wall has also been described, related to chronic and repeated hemorrhage, which can help differentiate from a hemorrhagic cyst [63] . A cyst-withincyst appearance may be seen, indicating multiple prior episodes of intracystic hemorrhage [61] . Surgical removal is generally recommended for endometriomas due to a risk of malignant transformation, usually to an endometrioid or clear cell type carcinoma [64] . If not removed, annual surveillance ultrasound is recommended to assess for any worrisome features, specifically, any development of vascularity associated with mural nodules would raise suspicion for the presence of neoplasm [61, 64, 65] .
Sex cord-stromal tumors
Sex cord-stromal tumors of the ovary describe tumors that arise from any of the sex cord or the stromal cell types that make up the organ. The sex cord cell types include granulosa cells and Sertoli cells, and the stromal cell types are theca cells, Leydig cells, and fibroblasts. Sex cord-stromal tumors account for approximately 8% of ovarian neoplasms. These tumors may be functional, secreting estrogen, inhibin, Mullerian-inhibiting substance, or androgens depending on the cell type. Granulosa cell tumors are the most common estrogen-secreting sex cord-stromal tumor and also the most common malignant sex cord-stromal tumor [37] . These lesions represent approximately 5% of ovarian neoplasms and occur in a bimodal age distribution, affecting women both early (pre-puberty) and later (postmenopausal) in life. Pre-pubertal girls are affected by juvenile granulosa cell tumors, which may cause precocious puberty due to their functional secretion of estrogen. It has been reported that up to 10% precocious puberty in girls is due to juvenile granulosa cell tumors [66] . Postmenopausal women with granulosa cell tumor may present with abnormal bleeding, and additionally are at increased risk for endometrial carcinoma, which has been reported in up to 25% cases of adult granulosa cell tumor [67] . Prognosis is generally good, with [ 90% 10-year survival, though recurrence is possible even 10-20 years following [67] . At imaging, granulosa cell tumors are solid or multicystic ovarian masses with varying degrees of intracystic hemorrhage and central fibrosis [67] . The solid and hemorrhagic components demonstrate varying degrees of increased echogenicity at ultrasound (Fig. 18) , and varying signal T1 and T2 signal intensities at MRI, depending on the age of hemorrhage (Fig. 19) [67] . Ascites may accompany the first presentation of these masses. The CT appearance is non-specific, and may show differing densities of the different cystic, solid, and hemorrhagic components (Fig. 18) .
Sertoli-Leydig cell tumors represent the most common type of androgen-secreting sex cord-stromal ovarian tumor, though only make up 0.5% ovarian neoplasms [68] . Sertoli cells are found in the normal testis and are responsible for testicular tubular formation; they are not present in the normal ovary. Most Sertoli-Leydig cell tumors arise in women under the age of 30, and approximately 30% of these patients develop virilization related to the increased androgen exposure. Very rarely, Sertoli-Leydig cells have been reported to secrete other substances, including alphafetoprotein [68] . At imaging, a Sertoli-Leydig cell tumor appears as a solid or multicystic mass, generally hypoechoic at ultrasound and demonstrating post-contrast enhancement at pelvic CT or MRI. In symptomatic patients, the tumor may be very small and difficult to appreciate at imaging. In these patients, ovarian vein sampling may be warranted [68] .
Krukenberg metastases
Ovarian metastases of gastrointestinal tract tumors, also known as Krukenberg tumors, may also exhibit functional endocrine behavior [69] . Both hyperestrogenic as well as androgenic activity and symptoms of virilization have been reported both in pregnant and non-pregnant women with Krukenberg tumors, related to the proliferation of ovarian stroma in the setting of lesion growth [69, 70] . Early identification and treatment may limit the endocrine activity and therefore reduce patient symptoms [69] .
Musculoskeletal
Several hormones act to alter osseous structures, primarily through effects on cells responsible for bone creation and resorption, osteoblasts and osteoclasts. Estrogen is also active in the bones, by blocking synthesis of interleukin-6, Fig. 18 A 68-year-old woman with pelvic pain and distention. a Axial contrast-enhanced CT and b transvaginal ultrasound show large, heterogeneous, multiseptated pelvic mass. Ultrasound better demonstrates varying intracystic echogenicity suggesting differing degrees of intracystic hemorrhage. Pathology confirmed granulosa cell tumor at surgical resection Fig. 19 A 24-year-old woman, G2P1, at 23 weeks of gestation, with left adnexal mass incidentally discovered at first trimester ultrasound. a Sagittal T2 HASTE and b axial truFISP images demonstrate multicystic heterogeneous left ovarian mass and a gravid uterus. Pathology confirmed mixed tumor, 90% juvenile granulosa cell tumor, and 10% gonadoblastoma/ dysgerminoma a stimulator of bone resorption, and inducing apoptosis of osteoclasts [71] . Decreased circulating active estrogen, for example with menopause, or inactivation of specific estrogen receptors via SERMs, allows for unopposed bone resorption and proliferation of osteoclasts and may be visible as osteopenia on abdominal imaging.
Conclusions/summary
Hormonal abnormalities are systemic disorders in which the imaging findings may occur distant from the causative sites, particularly in the setting of abnormalities of estrogen exposure. Multiple imaging findings that are either the result of or even the etiology of hyperestrogenemia may be seen in the abdomen and pelvis. Understanding the biochemical and hormonal changes behind these findings can assist radiologists in suggesting the root cause of clinical symptoms. Recognition of these findings and knowledge of associated conditions will enable the radiologist to make meaningful contributions to the care of these patients.
